Many useful biological drugs (biologicals) are produced from blood or by cell-culture techniques. Furthermore, new biologicals such as gene-therapy and cell-therapy products have created new hope for the treatment of grave genetic diseases or lethal ailments. These conventional and innovative biologicals, however, involve some risks regarding the spread of transmissible diseases such as virus-mediated infectious diseases. To ensure the viral safety of these biologicals, viral tests should be performed at the various stages of the drug production process, namely the raw material, cell bank, intermediate product, and final product stages. The development of more sensitive methods of virus detection is pivotal for the viral safety of new biotechnology products, especially for cell therapy or gene therapy, because in these new therapeutic technologies the target cells or cell-derived vectors are directly induced in patients.
Polymerase chain reaction (PCR) is a highly sensitive method for the detection of virus genomes. 2) In many countries, recently, several nucleotide amplification tests (NAT) including PCR have been employed to screen for specific viruses in raw materials such as blood products and cell therapy products.
3) These tests are able to detect several copies of virus genome, [4] [5] [6] [7] but there is a detection limit even in the NAT methods. For example, it has been reported that these methods are unable to detect the viral genome in the early stages of specific viral infections. Therefore, if target viruses could be concentrated, the sensitivity of NAT must be enhanced.
Several approaches to the concentration of viruses have been attempted to enhance the sensitivity of virus genome detection. [8] [9] [10] Ultracentrifugation of viruses has been shown to be a superior method of virus concentration, but it is very time-consuming and not suitable for screening. Polyethyleneglycol (PEG) precipitation techniques are simple and make it easy to concentrate viruses, but the excess amount of PEG in the extract hampers the PCR reaction. Therefore, a simple and feasible method for virus concentration is needed.
Recently, we reported that polyetheleimine-conjugated magnetic (PEI-magnetic) beads efficiently concentrated the enveloped model viruses and simianvirus 40 (SV-40).
1) However, PEI-magnetic beads could not be applied to some nonenveloped viruses, such as poliovirus or porcine parvovirus (PPV).
In the present study, we report that the sulfonated-magnetic (SO-magnetic) beads were useful for the concentration of poliovirus or PPV in the presence of divalent cations, such as Zn 2ϩ or Cu 2ϩ ions. We discuss herein the usefulness of SO-magnetic beads in enhancing the sensitivity of virus genome detection by PCR or RT-PCR.
MATERIALS AND METHODS

Materials Magnetic beads, IMMUTEX-MAG
TM (JSR Inc., Japan), were used throughout this study. IMMUTEX-MAG beads are acrylic latex beads that contain magnetite inside and are conjugated with carboxylic groups on the surface. The IMMUTEX-MAG beads used in the present study were 0.8 mm in diameter, and the surface charge density was 21 mmol/g. Polyethyleneimine (PEI, Mw 70000) and 1-ethylene-3-(3-dimethylaminopropyl)carbodiimide HCl (EDC) were purchased from Wako Pure Chemical Inc., Japan. The primer sets used in the PCR or RT-PCR for the detection of viruses were used as reported previously 11, 12) or designed from the virus genomic information ( 5Ј-TGCGAGATACCACACAT-3Ј 5Ј-ATCATGCTTTCAAGCATCTG-3Ј Cytomegalovirus 5Ј-TGCCGGATGATGCAGGA-3Ј 5Ј-GTGAGCCCGACGGGTTCT-3Ј a, b) Each primer set was prepared according to the original papers: PPV 11) and Poliovirus.
12) The primer sets of Sindbis virus and cytomegalovirus were designed according to the sequence published.
Viruses In the present study, we used the model viruses that have been used for viral clearance study as recommended in the international harmonized guidelines.
13) Sindbis virus and porcine parvovirus (strain 90HS) (PPV) were kindly donated by Dr. Kohase (National Institute of Infectious Diseases). Poliovirus (strain Sabin) was kindly donated by Dr. Koga (JCR Co., Japan). The supernatants of Vero cells infected with either poliovirus or Sindbis virus were used as the virus samples. The supernatant of ESK cells infected with porcine parvovirus was used as the PPV sample. In order to remove the cell-debris from the collected virus suspension, each virus suspension was centrifuged at 3000 rpm for 10 min. After removing the celldebris, the resulting stock viruses were aliquoted and stored at Ϫ80°C until use. The monkey cytomegalovirus (ATCC VR-677) derived from the supernatant of MRC-5 cells infected by the virus was obtained from ATCC.
Sulfonated Magnetic Beads Sulfonated-magnetic beads were prepared as follows; 10 g of IMMUTEX-Mag (JSR Corp. Tokyo, Japan) were dispersed in 100 g of water containing 0.2 g of sodium dodecylsulfate. To the dispersion obtained, 3 g of methyl methacrylate and 3 g of 2-acrylamide-2-methylpropane sulfonic acid sodium salt were added, and the mixture was heated to 80°C, and thereafter 0.2 g of perbutyl-O (NOF Corp. Tokyo, Japan) was added to carry out seedpolymerization for 5 h. After the reaction was completed, the beads were washed with distilled water and then with phosphate-buffered saline (PBS) to obtain SO-magnetic beads.
Viral Concentration Using Sulfonate-Magnetic Beads The essential adsorption procedure for each virus was as follows; 1 or 10 ml of each virus supernatant was incubated both with various concentrations of divalent cations and 100 ml SO-magnetic beads for 10 min at room temperature, and then the complex of virus and magnetic beads was trapped by a magnetic field (Magnetic Trapper TM , Toyobo Co., Japan; Dynal MOC-1 TM , Dynal AS., Oslo), after which the medium was aspirated. The trapped virus and bead complexes were resuspended in an aliquot of medium to be adjusted to 100 ml, and then the extraction of virus RNA or DNA was carried out from the 100 ml of virus-bead complexes or the virus solution with a SMI-TEST EX-R&D kit (Genome Science Laboratories, Fukushima, Japan). The extracted RNA and DNA were dissolved in 20 ml of TE buffer (10 mM Tris-HCl, pH 7.4/0.1 mM EDTA).
Determination of Viral-Infectivity The infectious titer of each virus suspension was determined using each indicator cell. Sindbis virus and poliovirus were introduced into Vero cells, and PPV was introduced into ESK cells. [14] [15] [16] The virus suspension and PEI-magnetic bead-treated suspension were subjected to infectious assay (TCID 50 assay) using each indicator cell. Cells were maintained as stock cultures in a-MEM and replated 2 d before infection in 96-well plates for the TCID 50 assay. 17) Each virus suspension was serially diluted. Cell cultures were then infected for 1 h. The medium for dilution and infections was Hank's balanced solution supplemented with 20 mM HEPES buffer (pH 7.4). Postinfection TCID 50 cultures were washed and then fed with the media. After 48 or 72 h of incubation postinfection, the MTT assay was carried out after the degeneration of virus-infected cells became evident.
18) The MTT method utilizes 3-(4,5-dimethylthiazol-yl)-2,5-diphenyltetrazolium bromide (MTT), which is converted to a water-insoluble blue crystal (formazan) in viable cells through mitochondrial dehydrogenase activity. 19) Dead cells are unable to reduce MTT to formazan; thus, the amount of formazan present is an indication of the number of viable cells. The optical density (OD) of formazan was determined using a computer-controlled microplate reader.
Viral Genome Amplification The PCR was carried out in a 50-ml reaction mixture containing 25 ml of PCR-Master Mix Reagent Kit (Applied Biosystems Co.), 13 ml of DNasefree distilled water, 0.5 mM of each primer set, and 10 ml of extracted sample. PCR was performed on a GeneAmpPCR System 9700 (Applied Biosystems Co.). Thirty-five cycles at 95°C for 30 s (5 min during cycle 1), annealing at 55°C for 30 s, and extension at 72°C were carried out. After the final cycle, the tubes were incubated for an additional 5 min at 72°C and cooled down to 5°C. The reverse-transcriptional PCR was carried out in a 50-ml reaction mixture containing 25 ml of RT-PCR-Master Mix Reagent Kit (Applied Biosystems Co.), 13 ml of DNase/RNase-free distilled water, 0.5 mM of each primer set, and 10 ml of extracted sample. RNA virus genome was reverse-transcribed into cDNA (45 min at 50°C), and the target fragments were amplified by PCR, with 35 cycles at 95°C for 30 s (5 min during cycle 1), annealing at 55°C for 30 s, and extension at 72°C. After amplification, electrophoretic separation of the PCR products (10 ml) was performed on 2% agarose gels in 1x Tris-borate-EDTA buffer (pH 8.4), and the PCR products were stained with ethidium bromide and visualized with UV illumination.
Real-Time PCR on the ABI PRISM 7000 Real-time PCR was carried out in a 50-ml reaction mixture containing 25 ml of TaqMan Gold Master Mix (Applied Biosystems Co.) or 25 ml of Syber Green PCR Master Mix (Applied Biosystems Co.), 13 ml of DNase/RNase-free distilled water, 0.5 mM of each primer set with or without a fluorescence probe, and 10 ml of extracted sample. The reaction mixture for PCR was prepared in a single tube as follows; at first, the RNA virus genome was reverse-transcribed into cDNA (50 min at 42°C), and the reaction was terminated for 15 min at 95°C. The reaction mixture was then mixed with 25 ml of Syber Green RT-PCR Master Mix, 13 ml of DNase/RNase-free distilled water, and 0.5 mM of each primer set. The real-time PCR was monitored on the ABI PRISM 7000 Sequence-Detection System (Applied Biosystems Co.). DNA and RNA from Sindbis virus, VSV and SV-40 virus were quantitatively determined using Syber Green PCR Master Mix™ (Applied Biosystems).
RESULTS
Since several reports suggested that divalent cations interact with viruses, [20] [21] [22] [23] [24] we expected the viruses to form complexes with divalent cations. We tried to trap the complexes of virus and divalent cation with negatively charged SO-magnetic beads. To clarify whether the model viruses interacted with the SO-magnetic beads in the presence of divalent cations, we compared the infectious titers of virus suspension treated with SO-magnetic beads to the untreated suspension. As shown in Table 3 , in the presence of 10 mM Zn 2ϩ ion, the infectious titers of Sindbis virus, PPV, and poliovirus suspension treated with SO-magnetic beads decreased dramatically compared to those of the untreated samples. The infectious titers of Herpes Simplex I, vesicular stomatitis virus, and SV-40 virus were also decreased by the treatment with SO-magnetic beads (data not shown).
We next analyzed the virus-genome content of SO-magnetic bead-adsorbed fractions by PCR or RT-PCR. Figure 1 shows that in the presence of 10 mM Zn 2ϩ ion, the treatment with SO-magnetic beads concentrated the Sindbis virus, PPV and poliovirus genome as compared with untreated fractions. Similar results were obtained in the presence of 10 mM Cu 2ϩ ion instead of Zn 2ϩ ion. These results suggest that in the presence of divalent cations such as Zn 2ϩ ion or Cu 2ϩ ion, SO-magnetic beads can adsorb PPV and poliovirus which could not be adsorbed by PEI-magnetic beads*.
Next, to examine the effects of divalent cations on the adsorption efficiency of SO-magnetic beads, the virus genome in the concentrated samples was quantitatively determined by real-time PCR. As shown in Fig. 2 , the PPV-trapping efficiency by SO-magnetic beads was most effective in the presence of either 5-10 mM Zn 2ϩ or Cu 2ϩ ions. In the case of poliovirus, the most effective concentration of poliovirus was observed in the presence of 10 mM Cu 2ϩ ion. On the other hand, in the presence of Mn 2ϩ ion, SO magnetic beads only weakly adsorbed either poliovirus or PPV. In the presence of Ca 2ϩ ion or Mg 2ϩ ion the effective virus adsorption could not be observed (data not shown). Concerning the effect of divalent ions, the same tendency was observed for the adsorption of Sindbis virus or SV-40 virus (data not shown). The following experiment was performed in the presence of either 10 mM Cu 2ϩ ion or Zn 2ϩ ion. Next, 1 or 10 ml of serially diluted suspension of poliovirus and PPV was concentrated to 100 ml with SO-magnetic beads in the presence of 10 mM Cu 2ϩ ion. After the adsorption to SO-magnetic beads, the virus genome in the complex of virus and SO-magnetic beads was extracted, and then the copy numbers were compared to that in the original suspension by means of quantitative PCR and RT-PCR. As shown in Fig. 3 , poliovirus and PPV, which were diluted to various concentrations with the medium, were efficiently concentrated by SO-magnetic beads. While the 10-fold concentration procedures for poliovirus and PPV by SO-magnetic beads resulted in the expected concentrations from the original solutions, respectively, in the case of 100-fold concentration, sufficient recovery was not observed for poliovirus or PPV. On the other hand, the detection limit of poliovirus and PPV could be lowered by the concentration using the SO-magnetic bead method. The same results were obtained for Sindbis virus or SV-40 (data not shown).
Finally, we examined the absorption ability of SO-magnetic beads and PEI-magnetic beads for human disease virus. As shown in Fig. 4 , both magnetic beads efficiently absorbed cytomegalovirus. This result also clearly demonstrated that both magnetic beads are useful for the concentration of viruses. 
DISCUSSION
Previously, we reported that PEI-magnetic beads efficiently adsorbed many viruses, such as Sindbis virus, SV-40, HSV-1 or VSV, resulting in the enhancement of the sensitivity of virus detection by PCR or RT-PCR * 1 . Some nonenveloped viruses, such as PPV or poliovirus, however, could not be adsorbed by PEI-magnetic beads. We, therefore, tried to establish a new method for the concentration of PPV or poliovirus. Divalent cations, such as Cu 2ϩ or Zn 2ϩ ions, have been reported to interact with several species of viruses. [20] [21] [22] [23] [24] We, therefore, suspected that after incubation with viruses and divalent cations, the SO-magnetic beads may adsorb the complex of virus and divalent cations. The present study shows that the SO-magnetic beads adsorb many viruses, including not only Sindbis virus or SV-40, but also PPV or poliovirus. In particular, the most effective concentration of poliovirus or PPV by SO-magnetic beads was observed in the presence of either Zn 2ϩ ion or Cu 2ϩ ion, compared with Mn 2ϩ , Ca 2ϩ or Mg 2ϩ ions. In the absence of divalent cations, the SO-magnetic beads did not adsorb any viruses (data not shown). The analysis by PCR or RT-PCR of virus genome copies in the concentrated fraction derived from the serial dilution of viruses by SO-magnetic beads reveals that SO-magnetic beads can be used to improve the sensitivity of the detection limit of virus genomes by PCR or RT-PCR. Whereas sufficient recovery of the virus genome to 100 ml did not , Zn 2ϩ or Mn 2ϩ ions. After the incubation, viruses bound to SO-magnetic beads were resuspended in 100 ml of medium, and the virus genome was then extracted as described in "Materials and Methods." The copy numbers of virus genome (original) in the serial dilutions of virus-infected medium were determined by real-time PCR or RT-PCR.
Fig. 3. Quantitative Analysis of Virus Concentration by SO-Magnetic Beads
One milliliter (ϫ10) or 10 ml (ϫ100) of virus suspension was incubated with SOmagnetic beads. After the incubation, the viruses bound to SO-magnetic beads were resuspended in 100 ml of medium, and the virus genome was then extracted as described in "Materials and Methods." The copy numbers of the virus genome (0.1 ml) in the serial dilutions of virus-infected medium were compared with those in the extract (1.0 ml and 10 ml) of SO-magnetic beads by real-time PCR or RT-PCR. The vertical axis indicates the copy numbers of viral genome in the extract. One milliliter of cytomegalovirus suspension was mixed and then incubated with either SO-magnetic beads or PEI-magnetic beads. After the incubation, the viruses bound to both magnetic beads were resuspended in 100 ml of medium, and the virus genome from magnetic beads fractions (Beads) and supernatant fractions (Sup.) was then extracted as described in Materials and Methods. The virus genome in the extract was amplified by PCR. occur with 10 ml virus suspension, quantitative recovery to 100 ml was observed with the 1 ml virus suspension. The concentration of CMV obtained using PEI-magnetic beads was compared with that obtained using SO-magnetic beads, and it was found the efficiencies of both methods were comparable. The most significant point is that the virus concentration by SO-magnetic beads is applicable to PPV and poliovirus, which is not adsorbed by PEI-magnetic beads.
The virus-adsorption mechanism of SO-magnetic beads remains unclear at present. Both Zn 2ϩ and Cu 2ϩ ions were reported to inactivate or interfere with many viruses. [22] [23] [24] Kümel et al. 22) showed that Zn 2ϩ -inactivated virus cannot properly penetrate a susceptible cell because the bound Zn 2ϩ ion functionally inactivated the viral surface glycoprotein. Electron micrographs showed deposition of zinc onto the virion surface, which blocked presentation to the cell of a virion binding site. 22) Chruscinski et al. 20) reported the specific interaction of Cu 2ϩ ions with fragments of envelope protein of hepatitis B virus. These data indicate that some divalent cations interact with virus surface protein or phospholipid. In these contexts, we suppose that some divalent cations form a complex with viruses, and the resulting complex of divalent cation and virus may be adsorbed by SOmagnetic beads that are negatively charged. In the present study, we successfully concentrated some nonenveloped viruses that could not be concentrated by PEI-magnetic beads as reported previously. Divalent cations are also suspected to interact with the surface phospholipids of enveloped viruses.
In conclusion, in the presence of divalent cations such as Cu 2ϩ ions or Zn 2ϩ ion, SO-magnetic beads efficiently concentrated many viruses, resulting in an increment in the sensitivity of the detection of the virus genomes.
